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ABSTRACT OF THESIS 
 
 
 
ENERGETIC EFFECTS OF HOLE TRANSPORTING MATERIALS ON THE 
PERFORMANCE OF ORGANOMETAL HALIDE PEROVSKITE PHOTOVOLTAIC 
CELLS 
 
Efficient, inexpensive, lightweight and flexible solar cells are desired to help meet the 
world’s growing energy needs. Organometal halide perovskite (OMHP) photovoltaic (PV) 
cells have shown dramatic increases in solar cell efficiencies increase over the last 5 years. 
OMHP PV cells have attracted significant attention due to their broad absorption spectra, 
high electron and hole mobility, and low production cost. The interface between hole 
transporting layer (HTL) and perovskite thin films have a significant influence on charge 
transfer and overall solar cell performance. 2,2’,7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)9,9’-spirobifluorene (Spiro-OMeTAD) is a small molecule largely used 
as HTL in perovskite solar cells. However, this material suffers from low charge-carrier 
mobilities and inappropriate energy level alignments with some perovskites. In this work we 
investigate the effect of the HTL energetics on the performance of perovskite solar cells. This 
is accomplished through employing a range of HTLs with varying ionization energies (IEs). 
We find that the solar cell device performance is relatively insensitive to the IE of the HTL 
within a 0.4 eV range. We also demonstrate that modification of the HTL surface with 
different alcohols helps in increasing the solar cell performances. 
 
KEYWORDS: Organometal halide perovskite photovoltaic cells, hole transporting material, 
charge transfer process 
 
 
 
____ __So Min Park_ _____ 
___ _December 14, 2016___ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ENERGETIC EFFECTS OF HOLE TRANSPORTING MATERIALS ON THE 
PERFORMANCE OF ORGANOMETAL HALIDE PEROVSKITE PHOTOVOLTAIC 
CELLS 
 
 
 
By 
 
So Min Park 
 
 
 
 
 
 
 
_____Dr. Kenneth Graham__ ____ 
                                                     Director of Thesis 
 
___  _Dr. Mark Lovell   _  ____ 
Director of Graduate Studies  
 
      December 14, 2016      __ 
 
 
 
 
 
 
 
 
iii 
 
ACKNOWLEDGMENTS 
 
I would like to express my appreciation to my advisor, Dr. Kenneth Graham, for his 
support and encouragement to make this work possible. I have been always encouraged and 
energized by his dedication to work and attitude to students with true heart. It was great 
opportunity for me to have a chance to build a lab which I have not had it before. I would 
also like to thank Dr. Dong-Sheng Yang, my committee members, Dr. John Anthony and Dr. 
Yang-Tse Cheng for their help and support. Especially, without DTADIS derivatives hole 
transporting materials from Dr. John Anthony’s lab this work could not be done this far.  
Living in different country far away from home was challenge for me at first. Teaching and 
learning in different language took time for me to adjust and different background major 
made even harder in my studies. However, discuss problems and study together with friends 
helped me a lot to understand and it was really valuable time for me. I want to thank all 
chemistry people and especially, Bidhya Maharjan, Surya Banks, Dr. April French, research 
group members, and University of Kentucky chemistry department for supporting and 
advising.  
 In addition, I want to thank my friend Lauren Hannemann who was my roommate. You 
always be with me all the moments in my America life even happy or sad times. You and 
your family’s warm heart really touched me and I learned and enjoyed a lot with you.  
I thank my family for their love and support always in my life. Thank you my parents who 
dedicated their life for teaching me to go correct direction and want to say I love you so much 
father, mother and my younger brother. 
 
 
 
iv 
 
LIST OF TABLES 
 
Table 1. PV parameters of adduct solution procedure OMHP PV cells .............................. 14 
Table 2. PV parameters of conventional PVcells with different ETL ................................. 15 
Table 3. PV parameters of OMHP PV cells with different MAI, annealing temperature 
process ................................................................................................................................. 17 
Table 4. PV parameters of OMHP PV cells with different annealing temperature, drip 
solution process ................................................................................................................... 18 
Table 5. PV parameters of OMHP PV cells with different HTMs ...................................... 26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
LIST OF FIGURES  
 
Figure 1. NREL plot of record PV cell efficiencies for different materials: organometal 
halide perovskite (OMHP) PV cell efficiencies are highlighted with circle. ........................ 2 
Figure 2. JV curve showing PV parameters of PV cell. ........................................................ 3 
Figure 3. Perovskite crystal structure. ................................................................................... 3 
Figure 4. OMHP PV cell structure showing the a) inverted and b) conventional. ................ 5 
Figure 5. Perovskite processing methods including one step coating (top), two step coating 
(middle), and solvent engineering (bottom). ......................................................................... 7 
Figure 6. J-V curves of adduct solution procedure. ............................................................. 14 
Figure 7. J-V curves of Lumtec MAI and house MAI. ....................................................... 16 
Figure 8. J-V curves of optimized OMHP PV cell. ............................................................. 18 
Figure 9. Chemical structure of hole transporting materials (HTMs). ................................ 20 
Figure 10. UPS energetic spectra for HTMs showing the a) secondary electron cutoff and b) 
HOMO onset region. ........................................................................................................... 21 
Figure 11. Schematic band alignment in OMHP PV cells. ................................................. 22 
Figure 12. UV-vis absorption spectra of different HTLs. .................................................... 23 
Figure 13. J-V characteristic of OMHP PV cells with different HTMs showing the dark 
(dash and dot), forward (solid), reverse (dash) curves. ....................................................... 25 
Figure 14. External quantum efficiency (EQE) spectra of OMHP PV cells. ...................... 27 
Figure 15. Scanning electron microscope (SEM) images of OMHP PV cells with 5 µm 
scale bar and inset images 1 µm scale bar. .......................................................................... 28 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS ....................................................................................................... iii 
LIST OF TABLES .................................................................................................................... iv 
LIST OF FIGURES ................................................................................................................... v 
CHAPTER 1 : INTRODUCTION ............................................................................................. 1 
1.1 Opportunities and challenges of PV cells ........................................................................ 1 
1.2 PV cell operation .............................................................................................................. 2 
1.3 Perovskite thin film coating methods ............................................................................... 5 
1.4 Hole transporting material (HTM) effects on OMHP PV ................................................ 7 
1.5 Research objectives .......................................................................................................... 8 
CHAPTER 2 : EXPERIMENTAL METHODS ........................................................................ 9 
2.1 Materials ........................................................................................................................... 9 
2.2 Perovskite precursor preparation ...................................................................................... 9 
2.3 Inverted OMHP PV cell device preparation .................................................................... 9 
2.4 Instrumental background ................................................................................................ 11 
CHAPTER 3 : OMHP PV CELL DEVICE OPTIMIZATION ............................................... 13 
3.1 Adduct solution procedure ............................................................................................. 13 
3.2 Conventional architecture .............................................................................................. 14 
3.3 Comparison of methylammonium iodide (MAI) ........................................................... 16 
CHAPTER 4 : HTM EFFECTS ON OMHP PV PERFORMANCE ....................................... 19 
4.1 Selection of HTMs ......................................................................................................... 19 
4.2 Energy levels of HTMs .................................................................................................. 19 
4.3 UV-vis absorption and of HTMs .................................................................................... 22 
4.4 Device performances of OMHP PV cells ...................................................................... 23 
4.5 Morphological characterization...................................................................................... 27 
CONCLUSIONS...................................................................................................................... 28 
REFERENCES ........................................................................................................................ 29 
 
 
1 
 
CHAPTER 1 : INTRODUCTION 
 
1.1 Opportunities and challenges of PV cells  
Many of the natural resources we use for energy are limited, but consumption of energy is 
increasing in the world. To find alternative energy sources, renewable energy has been 
broadly studied due to its lower pollution and a number of different sources; including 
geothermal, hydro, ocean, wind, and solar. The cost of photovoltaic (PV) modules have 
decreased drastically over the past decade, which has resulted in a large increase in the 
number of PV installation.1 Total installed PV capacity has increased 180 times more in 2015 
than 2004. By the end of 2015, cumulative installed PV capacity reached 200 gigawatts (GW). 
Research on PV cells started in the 1950s and research efforts have been increasing ever 
since.2 Figure 1. shows plot of record PV efficiencies from national renewable energy 
laboratory (NREL).3  
 Photovoltaic cell technology can be divided into three generations. First generation PV 
cells are made from inorganic silicon. These types of PV cells show good efficiency and high 
stability. However, high temperatures in silicon purification made the materials expensive and 
encouraged researchers to seek lower-cost materials. Second generation PV cells include bulk 
or crystalline thin film silicon, cadmium telluride (CdTe), cadmium sulfide (CdS) and copper 
indium gallium selenide (CIGS).4,5 Some second generation cells have decreased processing 
or materials cost, but these PV cells typically show lower efficiencies and they are still 
expensive. Third generation PV cell technologies include solution processable materials such 
as organic small molecules, polymers, dye sensitized materials, quantum dots, and perovskite 
materials. These third generation cells primarily include organic PV cell (OPV), dye 
sensitized PV cell, quantum dot (QD) PV cell, and OMHP PV cells.6-12  
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Figure 1. NREL plot of record PV cell efficiencies for different materials: organometal halide 
perovskite (OMHP) PV cell efficiencies are highlighted with circle. 
 
1.2 PV cell operation  
A photovoltaic cell is a device that converts photons into electricity through the 
photovoltaic effect. At first, light is absorbed by the solar cell and produces electron-hole 
pairs. These electron-hole pairs separate and the charges are collected by the electrodes. The 
power conversion efficiency (PCE) is equal to the maximum power output of the solar cell 
divided by the radiant power incident on the solar cell. The parameters that determine the 
PCE are the open circuit voltage (Voc), short circuit current density (Jsc), and fill factor (FF). 
The Voc is defined as the maximum voltage that can be generated across the cell upon 
illumination, which occurs when the device is at an open circuit condition. Jsc is defined as 
the current density at zero voltage. FF is the ratio of the maximum power generated by the 
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cell to the product of the Voc and Jsc as shown in Figure 2. Therefore, increasing the solar cell 
performance may be accomplished by increase Jsc, Voc, and the FF. 
PCE (%) =  
FF x Jsc x Voc
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Figure 2. JV curve showing PV parameters of PV cell. 
 
 
 
Figure 3. Perovskite crystal structure. 
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A perovskite has the same generic crystal structure as calcium titanium oxide as shown in 
Figure 3.13 Perovskite materials have been widely studied for optical properties,14 
thermoelectric properties,15 and electrical conductivity.16 Most recent research efforts on PVs 
have focused primarily on OMHPs, and specifically methylammonium lead iodide. These 
OMHPs have attracted significant research efforts due to their high efficiency and low 
production cost.17-20 Within the last 7 years, perovskite solar cells have shown dramatic 
increases in PCE from 3.8% in 2009,21 to 22% in 2016 for single-junction cells.22-26 
Perovskite solar cells do not require much material, as a two to three hundred nanometer 
thickness of perovskite layer is sufficient to absorbs 80% of incident light as a photo active 
layer.27 Methylammonium lead iodide (MAPbI3) absorbs light broadly throughout the visible 
region, methylammonium lead bromide (MAPbBr3) and methylammonium chloride 
(MAPbCl3) do not. OMHP photovoltaic cell also has ambipolar transport properties with high 
electron and hole mobility.28 OMHP photovoltaic cell architecture can be either conventional 
or inverted structure as shown in Figure 4. In conventional cells, a transparent conductive 
electrode (TCE) is utilized as the bottom layer, where the TCE is usually indium tin oxide 
(ITO) or fluorine tin oxide (FTO). On top of TCE layer, an electron transporting layer (ETL) 
is deposited. Commonly used ETL materials include titanium dioxide (TiO2), C60, or zinc 
oxide (ZnO).29-32 Although TiO2 is inexpensive, it requires a high sintering temperature of 
500 oC, which eliminates the possibility for processing on plastic substrates and increases the 
energy cost of making the cells. Furthermore, TiO2 ETL layers tend to show large hysteresis 
in the J-V characteristics. 
In inverted perovskite solar cells, the hole transporting layer (HTL) is deposited between 
the TCE and the perovskite active layer. The most common material for the HTL is the 
conducting polymer blend poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 
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(PEDOT:PSS), in part due to its good hole transporting ability and stability in devices.33,34 
Usually other HTL materials are π-conjugated organic molecules and they are processed from 
common organic solvents such as chloroform (CF), chlorobenzene (CB) or dichlorobenzene 
(DCB). The perovskite film is usually spun cast from dimethylformamide (DMF) or dimethyl 
sulfoxide (DMSO). Fortunately, the π-conjugated organic HTL materials are generally not 
soluble in these solvents.  
 
 
Figure 4. OMHP PV cell structure showing the a) inverted and b) conventional. 
 
To improve charge extraction and minimize charge recombination, charge transfer 
processes between interlayers are very important. Typically, the perovskite thin film is 
sandwiched between a HTL and ETL. Each transport layer needs to have good charge carrier 
mobility, sufficient conductivity as well as well-aligned energy level with other layers to help 
charge transfer to occur efficiently and without energy losses.35,36 
 
1.3 Perovskite thin film coating methods 
One of the major variables that influences the performance of perovskite photovoltaic cell 
is the morphology of the perovskite layer. If the perovskite layer is not homogeneously 
coated on the substrate, light can pass through the layer without any absorption and this can 
decrease device photo current. More importantly, without a continuous perovskite film shunts 
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or shorts can form between the electrodes. To improve OMHPs film morphologies, many 
different types of perovskite thin film processing methods have been developed.37-40 These 
include one-step coating, two-step coating, and a “solvent engineering” process, as depicted 
schematically in Figure. 5.  
One of the processing methods is perovskite single step solution coating.41-45 In this 
process, metal halide (e.g. PbI2) and organic halide (e.g. CH3NH3I) are dissolved in an 
organic solvent. After spin coating, the device is placed directly on a hot plate with 100 °C 
annealing temperature to induce crystallization of the perovskite. 
   Other method is a two step coating process. In contrast with the one step method, two step 
coating process has been developed recently and showed several enhancements in the 
morphology of perovskite layer.46-48 In the sequential deposition method, Burschka et al. 
introduced lead iodide (PbI2) to nanoporous TiO2 film and transformed them into the 
perovskite by exposing it to a solution of methylammonium iodide (MAI).49 Perovskite 
morphology was greatly increased because of direct contact between nanoporous TiO2 and 
MAI. This method showed both increased efficiency and reproducibility. 
Additionally, many groups have tried solvent engineering techniques to improve 
morphologies of films. Seok and his co-workers introduced solvent drip during spin coating 
of perovskite precursor to get extremely uniform and dense layer.50 Li et al. demonstrated 
controlled morphology of film by mixing DMF and DMSO solutions. DMSO coordinates 
strongly with PbI2, and this makes the perovskite crystal grow slower, which results in 
homogeneous of perovskite thin films morphology.51 
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Figure 5. Perovskite processing methods including one step coating (top), two step coating 
(middle), and solvent engineering (bottom). 
 
1.4 Hole transporting material (HTM) effects on OMHP PV 
Spiro-OMeTAD is small molecule largely used as HTL in perovskite solar cells. Many 
devices with high efficiency were achieved with Spiro-OMeTAD as HTL.52-55 However this 
material has tedious synthesis process, low stability, and low charge-carrier mobility. 
Therefore, spiro-OMeTAD usually doped with additives like 4-tert-butylpyridine (TBP) and 
Li-bis-(trifluoromethanesulfonyl) imide (Li-TFSI) to increase the electrical conductivity. 
Using additional additives make higher cost of device processing and it degrade device 
performance later.56 Recently, other materials have been reported from inorganic materials 
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like nickel oxide (NiO), copper iodide (CuI), copper thiocyanate (CuSCN).57,58 People have 
developed alternative HTMs with higher performance and lower cost for OMHP photovoltaic 
cells.59-63 
 
1.5 Research objectives 
Energy level alignments are vital for efficient charge extraction and collection processes 
in PV devices. The HTL-perovskite interface has a significant influence on charge extraction 
in the device. If there are interfacial defects, charges can become trapped at these low energy 
defects and recombine. Generally, good film morphology and crystallinity of perovskite thin 
films, and well aligned energy levels between layers are key factors to understand and 
improve to make more efficient photovoltaic cells.64,65 Thus, it is necessary to analyze the 
energy levels in order to optimize the interfaces.66 Here, we applied eight different HTLs of 
varying ionization energies (IEs) and probed the device performances as a function of film 
morphology and HTL IE. We used nice set of different energy level materials to see the effect 
of IE change on OMHP PV cells. We tried modification of the HTL surface with different 
alcohols. We expected alcohol treatment on HTL will improve the interfacial contact between 
HTL and perovskite layer.  
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CHAPTER 2 : EXPERIMENTAL METHODS 
 
2.1 Materials  
Hydroiodic acid (HI) and lead acetate trihydrate (Pb(Ac)2∙3H2O, 99.0-103.0%) were 
purchased from Alfa Aesar. Methylammonium bromide (MABr) was bought from Lumtec. 
Hole transport materials include Spiro-OMeTAD (Jilin OLED), Rubrene (TCI, >99.9%), 
sexithiophene (6T, TCI), N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 
(NPD, Sigma-Aldrich, 99%), The electron transporting layers and electrodes include, [6,6]-
phenyl C61-butyric acid methyl ester (PC61BM, Nano-C), C60 (Nano-C, 99.5%), 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, TCI, >99.0%) and Al (99.99%, Angstrom 
Engineering). 
 
2.2 Perovskite precursor preparation 
Methylammonium iodide was made by mixing methylamine (27.8 mL, 40 wt%, Alfa 
aesar) and hydroiodic acid (30 mL, 57 wt%, Alfa aesar) in an ice bath for 2 h. After stirring at 
0 oC for 2 h, the solution was evaporated at 60 oC with a rotary evaporator, leaving only 
methylammonium iodide (MAI). The precipitate was washed with diethyl ether several times 
until the color of precipitate changed to white. The obtained precipitate was dried under 
vacuum for 24 h and stored in a nitrogen-filled glove box (<0.1 ppm H2O and O2) before use.  
 
2.3 Inverted OMHP PV cell device preparation  
ITO substrates were sequentially sonicated in soapy water (Sodium dodecyl sulfate, 
Sigma-Aldrich, 150 mg/ 250 mL Deionized water), deionized water, acetone, and 2-propanol 
each for 10 min. After N2 blowing, substrates were exposed to ultraviolet-ozone treatment for 
10 min to remove organic contaminants. PEDOT:PSS (Clevious P VP AI 4083) was spin-
10 
 
coated at 5000 rpm for 30 s and then annealed on a hotplate 130 oC for 15 min. Rubrene, 
NPD and 6T (25 nm each) were deposited by thermal evaporation with a 1 Å/s rate at a 
pressure of 1 x 10-7 torr. Spiro-OMeTAD (30 mg/mL chlorobenzene), DTADIS derivatives 
(20 mg/mL chlorobenzene) were spin-coated at 4000 rpm for 30s and annealed at 70 oC for 5 
min. The perovskite precursor was spin coated on top of the HTL. With the exception of 
PEDOT:PSS, all other HTLs were prepared inside a N2-purged glove box (<0.1 ppm O2 and 
H2O). All further processing was also done in this glovebox. For alcohol treatment, 80 µm of 
1-butanol was dripped on substrate and spin-coated at 4000 rpm for 30 s before perovskite 
layer processing. To make perovskite precursor solution, MAI and Pb(Ac)2∙3H2O were 
dissolved in anhydrous DMF at 3:1 molar ratio. Final concentration of solution was 46 wt% 
before adding 1 mol% MABr to Pb(Ac)2∙3H2O in DMF.
67 This solution was spin-coated at 
4000 rpm for 30 s on top of different HTLs and then let dry for 15 s. During 15 s waiting, the 
perovskite film started to change from transparent to light brown color. Then, the substrates 
were put on a hotplate heated to 70 oC for 10 min. Substrate color changed rapidly to mirror 
like dark brown color upon putting on the hotplate. After cool down, PC61BM (20 mg/mL 
chlorobenzene) solution was spin-coated on top of perovskite thin film at 4000 rpm for 30 s. 
C60 (20 nm) and BCP (10 nm) were deposited through thermal evaporation with a rate of 1 
Å/s at a pressure of less than 10-7 torr. Finally, aluminum (100 nm) electrodes were 
evaporated through a shadow mask that defined 4 cells of 0.1 cm2 area and 4 cells of 0.2 cm2 
area per substrate.  
 
2.4 Conventional OMHP PV cell device preparation 
ITO cleaning and preparation are same as mentioned previously, C60 was thermally 
deposited 10 nm on ITO substrate in thermal evaporator. Full device structure is 
11 
 
ITO/ETL/MAPbI3/Spiro-OMeTAD/Ag. 0.1 wt% polyethylenimine (PEI, Sigma-Aldrich) was 
spin-coated at 5000 rpm for 30 s. Perovskite precursor solution was spin-coated as reported 
previously.52 Spiro-OMeTAD (30 mg/mL, chlorobenzene) was spin-coated at 4000 rpm for 
30 s and annealed at 70 oC for 5 min inside N2-filled glove box. After cool down substrate, it 
moved to thermal evaporator. 100 nm of Ag was deposited with 1 Å/s less than 10-7 torr 
through a shadow mask. 
For TiO2 cells, 50 µL of titanium(Ⅳ) isopropoxide (>97.0%, Sigma-Aldrich) was added to 
950 µL of ethanol. 14 µL of 1M hydrochloric acid was added to solution slowly and stirred 
for 20 min. This mild acidic solution is deposited on ITO substrate at 5000 rpm 30s by spin-
coating followed by an annealing treatment at 500 oC for 30 min.68 3-aminoethylphosphonic 
acid (10 mg/mL ethanol) solution, 0.1 wt% polyvinylpyrrolidone (PVP, Sigma-Adrich) was 
spin-coated at 5000 rpm 30 s. PEI, perovskite layer, spiro-OMeTAD, and Ag were prepared 
same way as mentioned before for C60 cell. 
 
2.4 Instrumental background  
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that measures the 
binding energy associated with each core atomic orbital. XPS uses x-rays with photon 
energies of 200 – 2000 eV to examine core levels of elements based on their characteristic 
binding energies. From XPS data, we can get the information about concentration of elements 
from intensity of peaks and information on the binding states of the elements present. This 
technique requires ultra high vacuum (UHV) conditions. Ultraviolet photoelectron 
spectroscopy (UPS) is another surface analysis technique that examines valence energy levels 
by using ultraviolet radiation with photon energies of 10 – 45 eV. In our system a H Lyman-α 
lamp with 10.2 eV photon energy is used as the excitation source. The external quantum 
12 
 
efficiency (EQE) for a photovoltaic device is given by the ratio of the number of electrons 
extracted from the device per incident photon as a function of wavelength. The EQE depends 
on both light absorption by the active layer and the efficiency by which these charges are 
collected by the electrodes.  
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CHAPTER 3 : OMHP PV CELL DEVICE OPTIMIZATION 
 
3.1 Adduct solution procedure 
In perovskite solar cells, inverted or conventional device architecture, a number of 
methods to fabricate solar cells have been reported. N. G. Park group introduced non polar 
diethyl ether during perovskite film processing in ambient air.52 They explained diethyl ether 
was the most reproducible solvent to form homogeneous perovskite thin film and it helped to 
solve the problem of rapid DMF evaporation during spin coating. To optimize film 
morphology conditions, during the film spinning different diethyl ether drip time were tried 
here. Full device architecture is ITO/PEDOT:PSS/MAPbI3/PCBM/C60/BCP/Al. Electron 
transporting layers (PCBM, C60, BCP) and electrode (Al) were all fabricated according to 
the details of the experimental section. 
Figure. 6 shows the best photovoltaic performance, which was obtained with dripping 
diethyl ether 5 s after the substrate started spinning. The best device gave Jsc of 22.38 
mA/cm2, Voc of 0.90 V, FF of 0.65 resulting in 13.25% PCE without hysteresis. Analyzing the 
variation in diethyl ether drip time in Jsc, it is clear that current is increased with fast drip 
during perovskite precursor spinning. At the same time, Voc and FF didn’t show much 
variation with differing drip time. Diethyl ether drip after 5s perovskite solution spinning 
showed 5% increased current than after 10s. This results agree with previous reports that an 
earlier solvent drip plays a role to avoid fast evaporation of perovskite precursor solvent.52 
Finally, we tried this same procedure, where the perovskite is coated in ambient atmosphere, 
with other HTMs. Overall, it was difficult to obtain reproducible results and some of the 
HTMs did not yield working devices when fabricated outside of the glovebox. These results 
may be explained by the variation of humidity in the atmosphere and the instability of some 
of the HTMs to oxygen and water.69-71 
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Figure 6. J-V curves of adduct solution procedure. 
 
Table 1. PV parameters of adduct solution procedure OMHP PV cells 
Cell  Ether drip  
Jsc 
(mA/cm
2
)  
Voc (V)  FF   
PCE 
best(%)  
PCE (%)  
1  5s after 
start  
22.38±0.5 0.90±0.01  0.65±0.01  13.25  12.96±0.28  
2  21.12±0.4  0.95±0.01  0.64±0.01  12.78  12.03±0.15 
3  
10s after 
start  
20.64±0.4 0.89±0.01 0.62±0.01  11.35  11.07±0.34 
4  
15s after 
start  
18.29±0.8  0.88±0.01  0.61±0.01  11.12  10.07±1.11  
 
 
3.2 Conventional architecture   
Another structure of perovskite solar cells that we explored is the conventional device 
structure. In this structure, the perovskite thin film is deposited on top of the ETL, and then 
the HTL is deposited on top of the perovskite thin film. It has been reported self assembly 
monolayer (SAM) can incorporate with interface then change energy alignment.72,73 From 
this way of controlling the surface properties, we can expect PV cell performance 
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enhancement. Especially, amino group modified film surface have shown increased 
crystallization of perovskite film.43,74 Here, we study the effect of SAM which has amino 
group with and without on top of C60 and TiO2 ETL. 
Table 2 shows J-V characteristics of conventional cells, and the corresponding 
performance parameters. First, when applied different kinds of SAMs, they all showed lower 
FF than both C60 and TiO2 ETL only device. C60 ETL device showed low FF with 0.48 and 
device PCE decreased by 48 % from best to average. For TiO2 cells, best device gave Jsc of 
18.70 mA/cm2, Voc of 1.03 V, FF of 0.74 resulting in 14.26 % PCE. Although PCE is high, 
average PCE is 9.35%. This is 34% difference between best and average cell PCE. These 
conventional architecture devices all showed large hysteresis therefore, this is not real 
efficiency of solar cell. PEI, PVP, and 3-aminoethylphosphonic acid layer gave working solar 
cells, but in conventional cells there were significant variation in the performance of the PV 
cells. We determined perovskite process with conventional structure with this perovskite 
system is not reproducible. 
 
Table 2. PV parameters of conventional PVcells with different ETL 
Cell  ETL  
Jsc 
(mA/cm
2
)  
Voc (V)  FF  
PCE 
best(%)  
PCE (%)  
1  C60 (10nm) 17.97±0.8 1.05±0.05 0.48±0.02 9.11 5.22±3.7 
2  C60 (10nm)/PEI  18.67±1.3 1.03±0.05 0.40±0.01 7.76 5.26±1.8 
3  TiO2 18.70±1.1 1.03±0.06 0.74±0.02 14.26 9.35±3.8 
4  TiO2/PEI 11.05±0.9 1.00±0.04 0.40±0.01 4.37 1.77±2.1 
5 TiO2/PVP 21.25±1.5 0.97±0.05 0.45±0.02 9.24 5.53±3.6 
6 
TiO2/3-amino 
ethylphosphonic 
acid 
19.03±1.6 1.06±0.04 0.62±0.02 12.38 8.83±3.3 
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3.3 Comparison of methylammonium iodide (MAI)   
Based on conventional cell results, we concluded that outside of glove box perovskite 
processing is less reproducible, and all devices discussed from here on were fabricated in the 
N2-purged glove box (<0.1 ppm O2 and H2O).
67 Full device structure is 
ITO/HTL/MAPbI3/PCBM/C60/BCP/Al. Electron transporting layers (PCBM, C60, BCP) and 
electrode (Al) were all fabricated according to the details of the experimental section. To 
further optimize the perovskite solar cells we investigated the effects of annealing 
temperature and MAI purchased from Lumtec vs. MAI synthesized in our lab.  
Figure 7 shows the J-V curves of the perovskite cell using the types of MAI with the 
same perovskite processing conditions. The house MAI cell achieved a PCE of 7.2%, an Jsc 
of 13.25 mA/cm2, an Voc of 0.90 V, and a FF of 0.60 with 80 
oC annealing for 5 min after 
perovskite layer spin coating. The same processing cell with Lumtec MAI achieved a PCE of 
5.78%, a Jsc of 12.77 mA/cm
2, and a Voc of 0.74 V, and a FF of 0.61. We found that house 
MAI also showed better performance with other perovskite processing conditions as well. All 
the photovoltaic parameters of these cells are summarized in Table 3. 
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Figure 7. J-V curves of Lumtec MAI and house MAI. 
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Table 3. PV parameters of OMHP PV cells with different MAI, annealing temperature 
process 
 
 
After determining that house MAI gave better performance, we optimized the processing 
conditions with this MAI. As shown in Figure 8 and Table 4, 70 oC annealing temperature 
results in a Jsc, Voc, and FF of 16.99 mA/cm
2, 0.94 V, and 62%, respectively, leading to a PCE 
of 9.87%. The 80 oC annealing temperature device gave a PCE of 7.68%, with a Jsc of 15.81 
mA/cm2, a Voc of 0.88 V, and a FF of 55%. Accordingly, higher annealing temperatures 
showed lower Jsc and Voc and resulted in lower PCE of device.  
 
 
 
 
 
 
Cell  MAI  MAPbI3  
Jsc 
(mA/cm
2
)  
Voc (V) FF  
PCE 
best(%)  
PCE 
(%)  
1  Lumtec  65
o
C 
1min,  
100
o
C 
2min  
4.84±0.2 0.71±0.05 0.48±0.02 1.64  1.51±0.1 
2  House  8.83±0.4 0.84±0.04 0.69±0.01 5.1  3.83±1.1 
3  Lumtec  70
o
C  
5 min  
11.68±0.5 0.72±0.03 0.68±0.01 5.78  4.15±0.8 
4  Lumtec  
80
o
C  
5 min  
12.77±0.4 0.74±0.03 0.61±0.01 5.78  3.94±0.8 
5  House  13.25±0.3 0.90±0.02 0.6±0.02 7.2  5.81±0.6 
6  Lumtec  90
o
C  
5 min  
10.33±0.4 0.71±0.04 0.63±0.02 4.63  4.14±0.4 
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Figure 8. J-V curves of optimized OMHP PV cell. 
 
Table 4. PV parameters of OMHP PV cells with different annealing temperature, drip 
solution process 
Cell  MAI  MAPbI3  
Jsc 
(mA/cm
2
)  
Voc (V) FF  
PCE 
(%)  
PCE 
average 
(%)  
1  
House  
70
o
C 5min  16.99±0.3 0.94±0.01 0.62±0.01 9.87  8.97±0.3 
2  80
o
C 5min  15.81±0.3 0.88±0.03 0.55±0.01 7.68  6.80±0.3 
3  90
o
C 5min  14.42±0.2 0.87±0.02 0.71±0.01 8.89  8.29±0.2 
4  
80
o
C 5min  
Toluene 
drop  
15.4±0.3 0.8±0.03 0.58±0.01 7.22  6.75±0.2 
5  
80
o
C 5min  
diethyl ether 
drop  
15.68±0.3 0.92±0.02 0.62±0.01 8.98  8.18±0.4 
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CHAPTER 4 : HTM EFFECTS ON OMHP PV PERFORMANCE 
 
4.1 Selection of HTMs 
   The HTMs were selected to span a range of ionization energies that overlapped well with 
the valence band energy of MAPbI3. Rubrene, NPD and 6T (see Figure 9 for chemical 
structures) are used as organic hole transport material in organic light emitting diodes 
(OLEDs) due to their good hole transporting ability.75,76  
Small organic molecules, such as triarylamines are well known for its good hole 
transporting property and high stability.77,78 Especially, triphenylamine (TPA) derivatives 
have attracted people’s attention because structure can be modified easily and has solution 
processable molecules as well as high hole transporting mobility.79 DTADIS derivatives have 
TPA moieties on silicon core. By adding methoxy group on phenyl ring, we tried to increase 
solubility of molecule and tuned energy level by adding more TPA moiety on core. 
 
4.2 Energy levels of HTMs 
   One of the ways to check the IEs is by using UPS. The UPS spectra were measured with a 
H Lyman-α (10.2 eV) source with the sample biased at -5.0 V. Figure 10 shows the UPS 
spectra of the different HTMs. The samples for the ionization potential measurements were 
prepared in the same way as described in the experimental section on top of ITO substrates 
without perovskite thin film. The work function (WF) of NPD, Rubrene and 6T were 4.39, 
4.6, 4.0 eV respectively. The IEs of NPD, Rubrene and 6T were 5.33, 5.41 and 4.84 eV. The 
IE of 6T is the lowest, and these are similar values with previous reports.80,81 The WFs of 
DTADIS1, DTADIS2, and DTADIS3 were found to be 4.7, 4.44, and 4.21 eV respectively.   
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Figure 9. Chemical structure of hole transporting materials (HTMs). 
 
DTADIS1 which has no methoxy group on the phenyl rings showed the highest ionization 
energy (IE) of 5.75 eV, as shown in Figure 13. The HOMO onset for DTADIS2 and 3 are 
similar relative to the Fermi Energy, but the IEs differ by 0.23 eV owing to the 0.22 eV 
difference in WFs. DTADIS1, which doesn’t have methoxy groups on the phenyl rings, 
shows the highest IE among all the HTMs. Adding methoxy group resulted in lower IEs, as 
did adding more triarylamine groups. Based on UPS measurement, we could see energy level 
change by tuning molecular structure even in same group of derivatives.  
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Figure 10. UPS energetic spectra for HTMs showing the a) secondary electron cutoff and b) 
HOMO onset region. 
     
The schematic band alignment is sketched in Figure 11 with all different HTLs. NPD, 
Rubrene, 6T, DTADIS1, DTADIS2 and DTADIS3 levels are extracted from our UPS results 
and other values are from previous reports.82-84 We expect that the HTMs with transport 
energies close to that of the perovskite should perform best from an energetic standpoint.85 
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We also predict that a slightly lower transport level in the HTM may be beneficial to drive 
charge transfer and reduce charge build up in the perovskite layer.53 Based on these 
considerations, we would expect Spiro-OMeTAD, DTADIS3, NPD, Rubrene, and DTADIS2 
to show the best performance. Notably, other factors, such as the charge carrier mobility and 
parasitic absorption by the HTM may also significantly influence HTM performance.  
 
 
Figure 11. Schematic band alignment in OMHP PV cells. 
 
4.3 UV-vis absorption and of HTMs 
Figure 12 shows the UV-vis absorption spectra of different HTLs. Solution processed 
HTL films were made from 5 mg/mL solutions in chlorobenzene, and vapor deposition 
processed HTLs were made 25 nm thickness of the HTL deposited on top of ITO substrates. 
Most of the HTMs absorbed only at wavelengths shorter than 420 nm, which is beneficial as 
this allows the majority of the incident light to reach the perovskite. Rubrene and 6T showed 
strong absorbance in the visible region, with rubrene showing peaks at 495 nm and 530 nm, 
and 6T showing a peak at 514 nm. 
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Figure 12. UV-vis absorption spectra of different HTLs. 
 
4.4 Device performances of OMHP PV cells 
As shown in Figure 13 and Table 5, photovoltaic cell parameters were measured under the 
irradiation of simulated AM 1.5G solar light for MAPbI3 cells with the various HTMs. 
Optimized PEDOT:PSS cells showed a maximum PCE of 10.2% with a Voc of 0.91 V, Jsc of 
16.07 mA/cm2, and FF of 0.69. The best Spiro-OMeTAD cell showed a 10.0% PCE with a 
slightly increased Voc (1.01 V) and decreased Jsc compared to the PEDOT:PSS cell. One 
explanation for the increased Voc observed with Spiro-OMeTAD as compared to PEDOT:PSS 
is the better energy level alignment. With PEDOT:PSS, it may be thought that the 5.0 eV WF 
is limiting the Voc, whereas with Spiro-OMeTAD that 5.2 eV IE would allow for nearly a 0.2 
eV higher Voc. With the hypothesis that the IE of the HTM is limiting the Voc, we looked at 
HTMs with both higher and lower IEs. Surprisingly, as displayed in Table 5, we found that 
the Voc with 6T as an HTM, which has an IE of 4.84 eV, also showed a Voc of 1.0 V. We 
expected NPD and rubrene will have good PV performance because of similar IE with VB of 
perovskite film, but those gave lower Voc and Jsc than PEDOT:PSS.  
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The DTADIS derivatives provide a nice set of HTMs for comparison, as they have similar 
structures with varying IEs. DTADIS3 has the same IE (5.2 eV) as Spiro-OMeTAD. This can 
be explained slightly larger Voc (0.98 V) than PEDOT:PSS which was supported by balancing 
IE help to increase Voc of solar cell. Interestingly, for DTADIS2, it turned out higher Voc and 
Jsc than rubrene although IE difference was only 0.02 eV. This means it is hard to conclude 
that higher Voc and Jsc are only from well-aligned energy level. When IE increases even 
higher like 5.75 eV of DTADIS1, it starts to decrease photovoltaic parameters. For DTADIS1, 
decrease of FF to 0.49 is from S-shaped kink in JV curve. This kink can be found both 
forward and reverse bias scan. Consider the fact that Jsc of DTADIS1 is not the lowest value 
compare with all HTLs, lowest FF is the main reason that it gave lowest PCE. Generally, S-
kink of device is from injection barrier between interfaces.86,87 We think 0.04 V higher IE 
may effected charge transfer as a injection barrier. This barrier cause charge recombination 
and thus decrease device efficiencies. From here, we think that HTLs with lower IEs than the 
perovskite film VB do not have a negative effect on PV performance, but HTLs with IEs 
higher than the perovskite film VB introduces a barrier to charge extraction that negatively 
influences PV performance.  
Additionally, post solution treatment processes can improve film morphology and wetting 
ability. Guo et al. introduced different alcohol treatment methods on active layer.88 They 
explained after solvent treatment, film morphology and optical properties were enhanced 
without changing thickness of active layer. We tried surface treatment with 1-butanol. 
Interestingly, only rubrene and DTADIS3 showed notable differences than other HTLs. All 
Voc, Jsc, and FF parameters were increased resulting in higher PCE. We think alcohol played a 
role to wet perovskite film better, this can be studied further by looking IE change from UPS 
and morphology change from microscopy.  
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Figure 13. J-V characteristic of OMHP PV cells with different HTMs showing the dark (dash 
and dot), forward (solid), reverse (dash) curves. 
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Table 5. PV parameters of OMHP PV cells with different HTMs 
Cell HTL MAPbI3 
Jsc 
(mA/cm
2
) 
Voc (V) FF 
PCE 
best 
(%) 
PCE (%) 
1 PEDOT:PSS 70
o
C  
5 min 
15.35±0.72 0.91±0.01 0.69±0.02 10.2 9.63±0.28 
2 
Spiro-
OMeTAD 
(30mg/1mL) 
70
o
C  
5 min 
14.66±0.25 1.01±0.01 0.64±0.02 10.0 9.50±0.51 
3 
NPD 
(25 nm) 
70
o
C  
5 min 
11.57±0.93 0.95±0.04 0.56±0.02 7.38 6.19±0.89 
4 
Rubrene 
(25 nm) 
70
o
C  
5 min 
9.01±0.90 0.88±0.02 0.57±0.03 5.22 4.48±0.49 
5 
1-butanol 
70
o
C  
5 min 
10.50±0.64 0.93±0.02 0.66±0.02 6.37 5.4±0.71 
6 
Sexithiophene 
(25 nm) 
70
o
C  
5 min 
11.38±0.56 1.01±0.01 0.65±0.02 8.40 7.48±0.48 
7 
DTADIS 1 
(30mg/1mL) 
70
o
C  
5 min 
10.29±0.83 0.92±0.04 0.46±0.03 5.14 4.43±0.74 
8 
DTADIS 2 
(30mg/1mL) 
70
o
C  
5 min 
14.71±0.19 0.98±0.01 0.54±0.02 8.23 7.83±0.34 
9 
DTADIS 3 
(30mg/1mL) 
70
o
C  
5 min 
15.48±0.22 0.98±0.01 0.62±0.02 10.05 9.45±0.48 
10 
1-butanol 
70
o
C  
5 min 
17.42±0.67 1.00±0.01 0.64±0.02 11.41 9.37±0.85 
 
 
27 
 
 
Figure 14. External quantum efficiency (EQE) spectra of OMHP PV cells. 
 
4.5 Morphological characterization  
It is well known that perovskite homogeneous morphology is essential requirement for 
high performance cell.38,39 Scanning electron microscope (SEM) was used to characterize 
perovskite thin film morphologies on each HTLs to see perovskite film were well coated on 
top of HTLs. Each samples were prepared ITO/HTL/MAPbI3 in the same way as mentioned 
in device experimental section.  
Top view SEM images were taken after perovskite thin film coating on top of different 
HTLs as shown in Figure 15. Average grain sizes of MAPbI3 were 0.1 µm and it was well 
distributed without any pinholes on top of HTLs. The grain sizes of PEDOT:PSS HTL 
substrate were larger than other seven HTLs. From SEM images, we determined our 
perovskite film formed homogeneous and continuous morphology with all HTLs with results 
in working PV cells.  
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Figure 15. Scanning electron microscope (SEM) images of OMHP PV cells with 5 µm scale 
bar and inset images 1 µm scale bar. 
 
CONCLUSIONS 
   In summary, this study tried different hole transporting materials varying energy levels to 
make better performance perovskite solar cells. This tells the researchers that homogeneous 
morphology is important to get good device and align energy level helps to improve device 
performances. By optimizing processing, best device with DTADIS3 gave Jsc of 17.5 mA/cm
2, 
Voc of 1.01 V, FF of 0.65 resulting in 11.41% PCE. We found that smaller IE of our HTL 
comparing to  VB of perovskite film has small effect on efficiency of cell. However, HTLs 
with higher IE shows much lower PCE. Our systematic result will help to design new HTM 
for making better cell by aligning energy levels. We believe that not only energy level 
alignment but also surface treatment for wetting perovskite film will increase efficiency of 
photovoltaic cells.  
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